Abstract. The complex fluid dynamics of two-phase bubbly flows in metallurgical reactors is modelled numerically by using a k-e turbulence model for the liquid phase, with a driving force determined by considering the motion of the bubbles. The latter are affected by the buoyancy forces and the drag caused by their relative motion with the mean and turbulent motions of the liquid, the turbulent component being obtained by random sampling to give an ensemble of bubble trajectories. The two-way coupling between the two phases is resolved by an iterative procedure which converges on a stable overall solution. The results are compared with measurements carried out on an air-water model and show good overall agreement.
Introduction
In recent years, gas-stirring in metallurgical reactions has become increasingly popular due to its effectiveness and low cost. The gas can be introduced into a bath of molten metal either through porous plugs, or using nozzles or lances. For flow rates below 300 kg/m2-s and bottom injection, the resulting flow field is classified as a bubbling jet [1] . In this flow regime, large unstable bubbles break up into smaller ones shortly after detachment leading to a plume-like two-phase flow region with high voidage. The bubbles which rise due to gravity exchange momentum with their surroundings, which in turn induce a large toroidal vortex in the melt due to the confinement of the flow.
The metallurgical events which then take place in the reactor are largely governed by the velocity and turbulence fields. This is exemplified by the deposition and re-entrainment of inclusions, as well as refractory wear, which are controlled by the fluid dynamics, while homogenization and chemical reaction rates depend on the structure of turbulence. In circumstances where the reactor is operated on a continuous basis, the performance is governed by the degree of stirring, agitation and residence time. Short-circuiting is therefore to be avoided when dissolved species are to be removed from the melt by inert gas injection. When bubbles contain reactive gases, it is important to avoid high local void fractions otherwise chemical equilibrium is difficult to attain and gas is wasted.
In spite of the important role that the fluid dynamics plays in gas-stirred reactors, the analysis of the two-phase flow field from first principles has so far been only partially successful. Previous studies on this subject have mainly been directed towards obtaining the field distributions of velocity components and turbulence quantities in the melt without attempting to model the twophase region. Szekely et al. [2] have assumed that the bubble column was cylindrical in shape and imposed measured values of velocities as boundary conditions on its periphery. Although the authors could obtain reasonable qualitative agreement between the calculations and the measured data, unsatisfactory quantitative agreement was reported. The importance of the void fraction distribution in the two-phase region in the prediction of the melt velocity distributions has been emphasized in recent studies by , who developed an elaborate phenomenological model of the bubble column, and by He Qinglin et al. [4] who used the measured void fraction and inter-phase force distributions in the governing equations of the conservation of mass and momentum in the liquid phase.
Although semi-empirical models of the two-phase region can lead to reliable predictions of the flow field in the melt for a given configuration and operating conditions, such models conspicuously lack generality and hence cannot be used to analyse a new configfiration or operating point with any confidence. The key to the development of a general model of gas-stirring therefore lies in a detailed representation of the motion of the gas bubbles and their interaction with the liquid phase.
The present study addresses itself to the development of such a mathematical model, which differs from earlier contributions in attempting to model the motion of the bubbles, as well as that of the liquid, from first principles. The sets of partial differential equations so obtained are solved numerically Using a minicomputer, and the results of these calculations are compared with both axisymmetric and asymmetric bubble jet configurations which have been studied experimentally.
Liquid phase equations
The equations which describe the motion of the liquid phase are the time averaged balances of mass and momentum which will be given here in compact tensor notation for brevity. Continuity 0 -~xalOtui = O.
Momentum conservation
OXi OQoluiuj "~" --OQ-~Xj "~ -~iXi OQ" I -~jXj i ,o,<uiuJ> + 6. 
